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*  The  flame  spreading  and  combustion  phenomena  of  stick  propellants  were 
studied  both  experimentally  and  theoretically  in  three  major  research 
areas:  (a)  investigation  of  the  flame-spreading  and  combustion  processes 
inside  a  single  stick  propellant  under  controlled  external  pressurization; 
(b)  study  of  the  strand-^*  and  erosive-burning  characteristics  of  stick 
propellants;  and  (c)  investigation  of  combustion  phenomena  of  stick 
propellant  bundles  under  simulated  gun  conditions.  A  comprehensive 
theoretical  model  for  each  of  the  research  areas  was  formulated,  solved 
numerically,  and  validated  by  experimental  data.  Experimentally,  four 
combustion  chambers  were  designed  to  conduct  single-stick,  erosive-burning, 
strand-^burner ,  and  stick^Bundle  tests.  It  was  found  that  the  critical 
pressure  differential  for  stick  propellant  grain  rupture  increased 
monotonically  with  pressurization  rate,  and  the  critical  pressure 
differential  can  be  substantially  higher  at  rapid  pressurization  rates  than 
at  steady-state  conditions..-  From  research  area  (b),  the  real-time  X-ray 
radiography  technique  proved  to  be  a  nonintrusive,  powerful  and  reliable 
tool  for  determining  erosi ve-burning  rates  under  confinement  conditions. 

The  combustion  wave  structures  under  erosive-  and  strand-burning  conditions 
of  NOSOL-363  stick  propellants  were  measured  by  fine-wire  thermocouples. 
From  research  area  (c),  the  pressure-wave  phenomenon  with  combustion  of  the 
stick-propellant  charge  was  found  to  be  less  than  that  of  conventional 
multi-perforated  granular  propellant  beds.  The  two-phase  combustion  model 
developed  on  this  project  has  been  shown  to  predict  many  important 
combustion  characteristics  of  stick  propellant  bundles. 
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Statement  of  the  Problem  Studied 

Single-perforated  long  stick  propellants  offer  many  advantages  over 
conventional  mul ti-perforated  granular  propellants  in  large  caliber  gun 
systems.  There  is  a  lack  of  basic  understanding  of  the  potential 
mechanisms  of  flame-spreading  and  combustion  of  stick  propellants. 

In  order  to  achieve  an  indepth  understanding  of  the  intricate 
phenomena  associated  with  stick  propellant  combustion,  this  program  has 
been  divided  into  three  major  task  areas:  (a)  investigation  of  the 
flame-spreading  and  combustion  processes  inside  a  single  stick  propellant 
under  controlled  external  pressurization;  (b)  study  of  the  erosive  burning 
characteristics  of  stick  propellants  under  cross-flow  conditions;  and  (c) 
investigation  of  combustion  phenomena  of  stick  propellant  bundles  under 
simulated  gun  conditions. 

Summary  of  the  Most  Important  Results 

In  task  (a),  the  research  program  was  undertaken  to  investigate  the 
flame  spreading,  combustion,  grain  deformation,  and  rupture  of 
single-perforated  unslotted  stick  propellants.  Both  theoretical  and 
experimental  methods  were  employed  to  study  this  complicated  and  coupled 
combustion/structural  problem. 

In  the  theoretical  analysis,  a  comprehensive  theoretical  model  for 
predicting  the  flame  spreading,  combustion,  grain  deformation,  and  rupture 
process  has  been  developed.  Three  regions  are  considered  in  the  analysis: 
1)  internal  perforation  region;  2)  solid  propellant  region;  and  3)  external 
region.  A  finite-difference  scheme  is  used  to  solve  the  flow  properties  in 
the  gas  phase;  and  a  finite-element  method  is  used  in  the  solid-phase 
analysis. 


A  windowed  test  chamber  was  designed  and  fabricated  to  study  flame 
spreading  and  combustion  inside  the  stick  perforation,  and  mechanical 
deformation  and  rupture  of  the  propellant  grain  under  dynamic  loading.  The 
test  chamber  has  the  capability  of  measuring  both  transient  pressures 
inside  the  perforation  at  several  axial  locations  and  pressures  outside  the 
stick  propellant.  The  chamber  has  two  long  windows  through  which  the 
phenomena  of  flame  spreading,  combustion,  and  fracture  can  be  observed. 
Pressure  external  to  the  stick  propellant  can  be  kept  at  a  fixed  level 
using  compressed  nitrogen  gas,  or  filled  completely  with  water.  The 
internal  perforation  of  the  stick  propellant  is  pressurized  using  hot 
combustion  gases  generated  form  a  driving  motor.  The  date  acquisition 
system  contains  a  transient  waveform  recorder  to  store  the  pressure-time 
traces  during  dynamic  pressurization.  The  time  of  grain  fracture,  as  well 
as  the  critical  pressure  differential  across  the  propellant  web,  was 
determined  from  the  traces  and  from  high-speed  movie  films.  Both 
high-speed  movie  and  video  cameras  were  used  to  obtain  records  of  the  flame 
spreading,  combustion,  and  grain  fracture. 

Some  of  the  major  observations  and  results  obtained  from  task  (a)  are 
summarized  as  follows: 

1)  The  critical  pressure  differential  for  grain  rupture  increases 
monotonically  with  pressurization  rate;  the  critical  pressure 
differential  can  be  substantially  higher  at  rapid  pressurization 
rates  than  at  steady  operating  conditions.  Lowering  the  initial 
temperature  of  the  propellant  grain  and  increasing  the 
pressurization  rate,  causes  the  propellant  to  behave  as  a  brittle 
material.  Higher  critical  pressure  differential  is  measured  for 
these  test  conditions. 
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2)  Recovered  test  samples  show  that  for  low  pressurization  rates,  the 
grain  fractures  with  one  or  more  longitudinal  slits;  but  at  very 
rapid  pressurization  rates,  the  propellant  shatters  into  many 
pieces.  This  is  important  since  fragments  of  the  shattered 
propellant  generate  a  significantly  higher  total  burning  surface 
area,  which  in  turn  leads  to  enhanced  burning  of  the  propellant. 

3)  From  SEM  photographs,  fractured  surfaces  of  shattered  propellant 


pieces  show  the  existence  of  numerous  microcracks.  Microcracks 
are  absent  in  the  case  of  low  pressurization  rate  tests. 

4)  Ignition  is  earlier  and  flame  spreading  is  faster  for  higher 
pressurization  rate  conditions. 

5)  A  theoretical  model  has  been  developed  to  analyze  the  interaction 
between  combustion  processes  and  grain  deformation  inside  the 


perforation  region  of  single-perforated  stick  propellants  before 
propellant  rupture.  Calculated  temperature,  pressure,  velocity, 
grain  deformation,  stress  distributions,  etc.,  along  the  flow 
direction  aid  in  the  physical  interpretation  of  the  coupled 


combustion  event  and  structural  mechanics  problem. 


6)  Close  agreement  was  achieved  in  the  comparison  of  the  predicted 


pressure-time  trace  with  the  measured  data  from  test  firing. 


In  task  (b),  strand-  and  erosive-burning  proceses  of  NOSOL -363  stick 


propellants  were  investigated.  A  strand  burning  test  chamber  was  utilized 


for  conducting  combustion  diagnostics  of  NOSOL -363  stick  propellants. 


Three  modes  of  combustion  processes  (fizz  burning,  unsteady  flame,  and 


steady  flame)  were  observed  in  strand  burning  tests.  Burning-rate 


i  tK  i'  V, 


exponents  were  also  determined  from  burning-rate  data  at  various  pressures, 
the  thermal  wave  structure  of  the  propellant  was  meausred  by  fine-wire 
thermocouples.  From  thermal  wave  structures,  several  important  thermal  and 
chemical  data  on  NOSOL -363  stick  propellants  were  obtained. 

An  erosive-burning  test  rig  using  a  center-perforated  cylindrical 
propellant  grain  with  large  web  thickness  was  employed  to  study  the 
erosive-burning  phenomena  of  NOSOL-363  stick  propellants.  A  unique 
real-time  X-ray  radiography  system  and  digital  image  procesinn  system  was 
also  set  up  to  determine  the  instantaneous  internal  burning  surface 
locations  and  to  deduce  instantaneous  erosive-burning  rates  of  propellant 
samples . 

A  comprehensive  theoretical  model  was  formulated  and  solved 
numerically  for  simulating  erosive-burning  processes  occurring  inside  the 
perforation  of  a  NOSOL -363  stick  propellant.  Gas-phase  and  solid-phase 
regions  of  the  propellant  were  both  considered  in  the  theoretical  model.  A 
two-variable  joint  probability  density  function  was  adopted  to  take  into 
account  the  interaction  of  gas-phase  turbulence  and  combustion.  A 
transient  one-dimensional  heat  conduction  equation  with  consideration  of 
subsurface  radiation  absorption  was  used  to  describe  the  thermal  wave 
structure  of  the  condensed  phase  of  the  propellant. 

From  the  study  of  task  (b),  several  important  conclusions  have  been 
reached;  they  are  listed  below. 

1)  Real-time  x-ray  radiography  proved  to  a  nonintrusive,  powerful  and 
reliable  tool  for  determining  erosi ve-burning  rates  under 
confinement  conditions. 


2)  The  comprehensive  erosive-burning  model,  based  upon  quasi-steady 
and  2-D  axi symmetric  mean-flow  assumption,  was  validated  by 
experimental  data.  The  calculated  time  variation  of  internal 
diameter  distribution  along  the  grain  agrees  well  with  measured 
distributions. 

3)  The  fine-wire  thermocouple  (5  to  25  pm  wire  diameters)  was 
incorporated  into  the  erosive-  and  strand-burning  investigations. 
The  thermocouple  can  be  used  not  only  for  measuring  the 
temperature  variation  in  the  condensed  phase,  but  also  for  a  part 
of  the  gas-phase  flame  structure. 

4)  Based  upon  the  recorded  X-ray  images,  the  instantaneous  burning 
rate  of  NOSOL -363  stick  propellant  has  been  determined  under 
test-motor  operating  conditions.  The  erosive  burning  augmentation 
factor  can  be  as  high  as  3.5;  this  indicates  the  strong  influence 
of  crossflow  velocity  on  propellant  burning  rate.  Therefore,  the 
erosive-burning  effect  must  be  properly  incorporated  to  achieve 
accurate  and  realistic  predictions  of  stick-propellant  combustion 
performance  in  gun  propulsion  systems. 

5)  From  numerical  solutions,  the  erosive  burning  is  found  to  be  the 
results  of  enhanced  heat  feedback  from  the  gas  phase  to  solid 
propellant  resulting  from  the  combined  effects  of  increased 
turbulent  mixing  and  reduction  in  flame  stand-off  distance  form 
the  burning  surface. 

6)  Three  modes  (fizz,  unsteady  flame,  and  steady  flame)  of  gas-phase 
combustion  processes  were  observed  in  strand-burning  tests  of 
NOSOL -363  propellants. 


7)  Two  different  sets  of  burning-rate  exponents  and  coefficients  were 
deduced  from  burning-rate  data  obtained  from  strand-burner  tests. 
The  slope  break  point  at  P  -  2.17  MPa  was  found  to  be  the  boundary 
of  unsteady  flame  and  steady  flame  modes. 

8)  From  temperature-time  traces  obtained  in  strand  burning  tests, 
burning  surface  temperatures  were  found  to  be  320°C  at  3.4  atm  and 
520°C  at  69  atm. 

9)  The  activation  energies  for  NOSOL -363  stick  propellants  are  8.13 
kcal/mole  in  fizz  and  unsteady  flame  modes,  and  14.8  kcal/mole  in 
steady  flame  mode. 

10)  From  condensed-phase  temperature-time  trances,  the  thermal 
diffusivity,  characteristic  time  constant,  and  characteristic 
length  of  the  N0S0L -363  stick  propellant  are  deduced. 

The  purpose  of  task  (c)  is  to  achieve  an  indepth  understanding  of  the 
intricate  phenomena  associated  with  stick  propellant  combustion.  In  this 
task,  a  theoretical  and  experimental  investigation  of  combustion  phenomena 
of  long  unslotted  stick  propellant  bundles  under  simulated  gun  conditions 
was  conducted.  The  comprehensive  theoretical  model  formulated  is  based 
upon  a  combined  Eulerian-Lagrangian  approach  to  simulate  special 
characteristics  of  the  two-phase  combustion  processes  in  a  cartridge  loaded 
with  a  bundle  of  stick  propellants.  The  model  considers  five  separate 
regions—internal  perforation,  solid  phase,  external  interstitial  gas 
phase,  and  two  lumped  parameter  regions  at  either  end  of  the  stick  bundle. 


For  the  external  gas-phase  region,  a  set  of  transient  one-dimensional 
fluid-dynamic  equations  using  the  Eulerian  approach  is  obtained;  governing 
equations  for  the  stick  propellants  are  formulated  using  the  Lagrangian 
approach.  The  equation  of  motion  of  a  representative  stick  is  derived  by 
considering  the  forces  acting  on  the  entire  propellant  stick.  The 
instantaneous  temperature  and  stress  fields  in  the  stick  propellant  are 
modeled  by  considering  the  transient  axisymmetric  heat-conduction  equation 
and  dynamic  structural  analysis.  For  the  internal  perforation  region,  a 
set  of  one-dimensional  transient  fluid-dynamic  equations  is  formulated  by  a 
coordinate  system  attached  to  a  moving  stick.  This  theoretical  model  is 
validated  by  test  data  obtained  from  related  experiments  performed  in  other 
research  groups  and  by  experimental  studies  conducted  by  PSU. 

Major  results  obtained  from  task  (c)  are  summarized  below. 

1)  A  comprehensive  theoretical  model  for  simulating  the  combustion 
and  rupture  phenomena  of  long,  unslotted  stick  .propellant  bundles 
under  simulated  gun  conditions  is  formulated.  Major  differences 
between  the  present  formulation  and  the  conventional  interior 
ballistic  predictive  models  are  summarized  in  Table  1. 

2)  An  efficient  computer  code  has  been  developed  to  solve  the 
theoretical  model  describing  flame-spreading,  combustion,  and 
grain  deformation  processes  of  unslotted  stick  propellants. 
Calculated  pressure-time  variations  during  the  initial  time 
interval  before  grain  rupture  are  in  reasonable  agreement  with 
experimental  data  obtained  from  test  firings  of  vented  chamber 
configuration  and  a  155-mm  Howitzer. 
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TABLE  1 

Differences  Between  the  Present  Formulation  and  the 
Conventional  Interior  Ballistic  Formulation 


o 


J 


Subject  under 
Consideration 

Present  Formulation 

Conventional  Formulation 

Typical  grain 

*  Simulation  of  a  number 

*  Simulation  of  an  average 

configuration 

of  typical  full-length 
grains  in  a  bundle  of 
stick  propellants. 

grain  in  a  spatial  loca¬ 
tion  along  a  packed  bed 
of  granular  propellants. 

*  Each  stick  is  modeled 
as  a  separate  tue  with 
deformable  and  combust¬ 
ible  walls. 

*  Each  bundle  is  modeled 
as  a  continuum  charac¬ 
terized  by  the  velocity 
and  stress  in  the 
sticks. 

Grain 

*  Simulated  by  the  unbal- 

*  The  process  of  grain 

deformation 

anced  pressure  forces 

deformation  and  fracture 

and  fracture 

between  the  internal 

are  not  addressed; 

perforation  and  external 
interstitial  void 
region. 

the  longitudinal 
stresses  are  considered 
in  the  solid-phase 
momentum  equation. 

*  Linear  viscoelastic 
constitutive  law  is 
used. 

*  Linear  elastic  constitu¬ 
tive  law  is  used. 

*  Employs  dynamic  finite- 
element  structure 
mechanics  computational 
code. 

*  Employs  a  steady-state 
relationship  between 
stresses  (radial  and 
hoop)  and  pressures 
(internal  and  external) 

5rain 

*  The  kinematics  of  the 

*  The  bulk  properties 

Jisplacement 

full-length  grain  is 

of  the  grains  are 

jnd 

determined  from  the 

determined  from  local 

acceleration 

summation  of  all  forces 
exerted  on  the  grain. 

momentum  balance. 

Radiative  heat 

*  Subsurface  radiation 

*  No  subsurface  radia- 

transfer 

penetration  is  allowed 
and  treated  by  a  two- 
fl ux  model . 

tion  penetration  is 
considered. 
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TABLE  1  (CONTINUED) 


Differences  Between  the  Present  Formulation  and  the 
Conventional  Interior  Ballistic  Formulation 


resent  Formulation 


Type  of 

*  Kinematics  and  grain 

*  Both  the  gas-phase 

formulation 

deformation  are  formu- 

and  solid-phase 

lated  by  following  the 

properties  are 

stick  (Lagrangian 

determined  from  the 

approach);  gas-phase 

conservation  equa- 

properties  for  internal 

tions  formulated. 

and  external  regions 

based  upon  a  fixed 

are  determined  from  a 

frame  of  reference 

fixed  frame  of  reference 
reference  (Eulerian 
approach ) . 

(Eulerian  approach). 

Species 

*  Five  groups  of  species 

*  Gas  phase  consists  of 

distribution 

are  considered. 

combustion  products 

and  location  of 

i 

from  ignition  and 

heat  release 

propellant. 

*  Heat  release  does  not 

*  Heat  release  occurs 

have  to  occur  at  the 

locally  at  the  site 

site  of  pyrolysis. 

of  pyrolysis. 

3)  Propellant  grains  recovered  from  the  vented-chamber  test  firings 
exhibit  two  types  of  fracture.  Grains  in  the  downstream  section 
shatter  into  small  pieces;  those  in  the  upstream  portion  break 
with  longitudinal  slits.  Recovered  stick  bundles  from  test 
firings  using  a  set  of  short-grain  segments  showed  less  damage. 

Many  segments  recovered  from  the  breech  end  with  initial  lengths 
of  17.8  cm  showed  no  mechanical  damage.  The  grain  rupture  is 
believed  to  be  caused  mainly  by  the  large  pressure  differential 
generated  during  rapid  chamber  depressurization.  Propellant 
grains  recovered  from  test  firing  using  half  full -bore-length 
stick  bundles  showed  very  little  damage. 

4)  If  the  ratio  of  the  external  interstitial  flow  cross-sectional  area 
to  that  of  the  internal  perforation  region  is  large  (e.g.,  30),  the 
flame-spreading  rate  over  the  external  surface  of  a  stick-propellant 
grain  could  be  faster  than  that. over  the  internal  surface.  The 
opposite  conditions  could  occur  for  low  area  ratios. 

5)  Gas-velocity  distributions  in  the  internal  perforation  region 
could  be  significantly  different  from  those  in  the  external  region. 
Prior  to  grain  rupture,  gases  exit  the  perforation  region  from 
both  ends. 

6)  Pressure-wave  phenomenon  associated  with  combustion  of 
stick-propellant  charges  is  less  than  that  of  conventional 
multi-perforated  granular  propellant  beds. 

7)  Stick-propellant  grains  were  found  to  move  very  slowly  along  the 
cartridge.  This  could  cause  the  gas  temperautre  in  the  breech  end 
to  exceed  the  adiabatic  flame  temperature  by  a  significant  amount 
due  to  local  compression. 


8)  Coning  phenomena  of  the  internal  surfaces  on  both  ends  of 

recovered  stick-propellant  grains  were  observed.  This  suggests 
the  importance  of  erosive  burning  in  the  combustion  of  stick 
propellant  bundles. 
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